We propose a Nyquist optical time division multiplexing transmission scheme using optical root-Nyquist pulses and an optical correlation receiving technique. This scheme can satisfy the Nyquist criterion for zero inter-symbol interference and an optimum detection to maximize the signal-to-noise ratio. Moreover, the processing speed can exceed the speed limitation of electrical devices. We describe the principle and discuss the dispersion tolerance by numerical simulation.
Introduction
A Nyquist optical time division multiplexing (Nyquist OTDM) scheme using an optical Nyquist pulse has been proposed to realize low inter-symbol interference (ISI) and high spectral efficiency with an ultra-high-speed transmission [1] . The scheme involves a trade-off between the signal-to-noise ratio (SNR) and ISI, because an ultrafast optical sampler is needed as a time gate to satisfy the Nyquist criterion. The ultra-short time gate reduces the energy of the received signal. On the other hand, an optimal receiver for maximizing the SNR can be realized by using a correlation receiver. Then, the Nyquist criterion for zero ISI can be realized by using root-raised cosine filters for the transmitter and the receiver filter [2] . In this paper, we propose a Nyquist OTDM scheme using optical root-Nyquist pulses and an optical correlation receiver. The optical root-Nyquist pulse, which has the impulse response of a root-raised cosine filter, can be realized by using a mode locked laser and an optical pulse shaping filter with the same generation technique as that used for an optical Nyquist pulse. The optical correlation receiver can be used to construct an optical 90 • hybrid and balanced photo receivers with the optical root-Nyquist pulse. For correlation receiving, the bandwidth of balanced photo receivers does not limit the symbol rate of an OTDM transmission, because the limited bandwidth functions as an integrator [3, 4] . By using these techniques, this scheme overcomes the speed bottleneck of electrical devices.
2 Principle of Nyquist OTDM scheme using root-Nyquist pulse and correlation receiver Figure 1 shows the conventional Nyquist OTDM scheme, which uses optical Nyquist pulses and a coherent receiver [5] . The conventional orthogonal OTDM scheme uses optical Nyquist pulses as a full-raised cosine filter for the transmitter, and an ultrafast optical sampler for the receiver. The waveform and spectrum of the Nyquist pulse are defined as follows:
where, T is a symbol period T = T S /M , and α is a roll-off factor. T S is the time interval of the Nyquist pulses. The amplitude of an optical Nyquist pulse can be written as r N yquist (t)e jωct . ω c is the center angular frequency of the optical Nyquist pulse. By time-interleaving the optical Nyquist train with a delay T and optically multiplexing it M times, an output symbol rate of M/T S becomes possible. This scheme involves a trade-off between the signal-to-noise ratio and ISI, because the optical sampler needs to have the impulse response of a δ function to satisfy the Nyquist criterion. However, the energy of the output signals of the optical sampler decreases as the time width of the optical gate decreases. Figure 2 shows the proposed Nyquist OTDM scheme using optical root-Nyquist pulses and an optical correlation receiver [3, 4] . The optical root-Nyquist pulses are used as a root-raised cosine filter for the transmitter. The waveform and spectrum of the root-Nyquist pulses are defined as follows:
The optical root-Nyquist pulses r(t)e jωct were generated using a mode-locked laser and an optical pulse shaping filter with the same generation technique as that used for the optical Nyquist pulse [1] . Then, the correlation receiver with optical root-Nyquist pulses is used as the root-raised cosine filter of the receiver. The ideal output of the correlation receiver for a single isolated reference signal is as follows.
where, s r is the received signal. r * is the phase conjugate of a root-Nyquist pulse as a correlation receiver reference signal [2] . t Delay is the time delay of the reference signal. This output signal also satisfies the Nyquist criterion for zero inter-symbol interference, and provides an optimum filter for max- imizing the SNR for additive white Gaussian noise (AWGN) as the amplified spontaneous emission (ASE) noise of optical amplifiers. To demultiplex each multiplexed tributary signal, the integrals from −T S /2 to T S /2 and the received signal contained within the time range are required to detect the received signal without the ISI caused by the previous and next reference signals. The required output can be written as
The correlation receiver is consisted of an optical delay line, an optical 90 • hybrid, balanced photo detectors, trans-impedance amplifiers (TIA), integrators, analog to digital converters and subtractors, as shown in Fig. 2 [3, 4 ]. The output current of balanced receivers can be written as
where, η is the conversion efficiency of the balanced photo detectors. Here, we ignore the bandwidth of the balanced photo detectors. The limited bandwidth functions as an integrator. The response time of the photo receiver is directly used for the integral interval [3, 4] . Also, the signal can be integrated by the external integrator of a first order RC circuit as shown in Fig. 3 (a) . The first order RC circuit is composed of a resistor and a capacitor. The circuit is a low-pass filter with a 3 dB cut-off frequency of f c . The integral can also be provided by the capacitance and the resistance in the TIA, as shown in Fig. 3 (b) . When the time constant t c = RC = 1/(2πf c ) is sufficiently long compared with the period of the optical root-Nyquist pulse T S , the integrated output of the TIA can be written as
where, G TIA is the trans-impedance gain of the TIA (G TIA = R). Here, we note that the saturation of the amplifier is required attention. An analog to digital converter (ADC) digitizes the integrated signal with the timing of t = nT S + T S /2. n is an integer number. The subtraction of the integrated signal at time t = nT S − T S /2 from t = nT S + T S /2 can be written 
When the delay time t Delay is set to nT , the correlation receiver is detected for each tributary of the OTDM signals.
Comparison of the dispersion tolerance with the conventional Nyquist OTDM scheme
In this section, we compare the group velocity dispersion (GVD) tolerance of the proposed scheme with that of the conventional Nyquist OTDM scheme [6] .
Here, we consider a single isolated pulse, and ignore the loss and the nonlinearity of the fiber to simplify the discussion. From Parseval's theorem, the output signal of the correlation receiver can be written as
where, β 2 is the second order dispersion coefficient (
. L and β are the length and the propagation constant of a transmission fiber, respectively [7] . On the other hand, when the optical sampler of the conventional scheme has an impulse response of a δ function, the output energy of the coherent receiver can be written as
where, s r−Nyquist is the received signal of the conventional Nyquist OTDM scheme. The Eq. (20) is equal to Eq. (18). Therefore, the GVD tolerance of the proposed scheme is the same as that of the conventional Nyquist OTDM scheme. Please note that the reference signal is contained within a −T S /2 to T S /2 time range in practice, as shown in Eq. (6) . To discuss the dispersion tolerance of the ISI, we define the extinction ratio of the signal intensity at the symbol point adjacent to t = T as follows. Fig. 4 . Relationships between the extinction ratio and the time interval without dispersion effect at a symbol rate of 160 GS/s (T = 6.25 ps) and several roll-off factors of α = 0, 0.5, 1.0.
Fig. 5.
Relationships between the extinction ratio and cumulative dispersion at a symbol rate of 160 GS/s (T = 6.25 ps) and a roll-off factor of α = 0.5. Figure 4 shows the relationships between the extinction ratio and the time interval without dispersion effect at a symbol rate of 160 GS/s (T = 6.25 ps) and several roll-off factors of α = 0, 0.5, 1.0. The extinction ratio is degraded in a short time interval T S , because the reference signal and received signal leak from the integral interval. The longer time interval is needed at the rolloff factor of α = 0, because the waveform of the root-Nyquist pulse has larger side lobe. Figure 5 shows the relationships between the extinction ratio and cumulative dispersion |β 2 L| at a symbol rate of 160 GS/s (T = 6.25 ps) and a roll-off factor of α = 0.5 with several time interval T S . |β 2 L| = 5 ps 2 is equivalent to 0.23 km-long standard single-mode fiber (β 2 = −21.7 ps 2 /km) without dispersion compensation. The conventional scheme has extinction ratio of zero (−∞ dB) at the cumulative dispersion of |β 2 L| = 0. When T S and E ex are over 18.8 ps (M ≥ 3) and −40 dB, respectively, the extinction ratio is in excellent agreement with conventional scheme. Figure 6 shows the real and imaginary part of the received signal by the correlation receiver and the root-Nyquist pulse with changing the delay time t Delay at the time interval of 25 ps. Figure 7 shows the waveform of received Nyquist pulse by using a coherent receiver and an ideal optical sampler with the time response of δ function. The symbol rate and the roll-off factor are 160 GS/s (T = 6.25 ps) and α = 0.5, respectively. The correlation waveform provides a closely fit with the received waveform of conventional scheme.
Conclusion
We proposed a Nyquist OTDM scheme using optical root-Nyquist pulses and a correlation receiver, and discussed the dispersion tolerance of the proposed scheme and the conventional Nyquist OTDM scheme. The GVD tolerance of the proposed scheme with the multiplexing-degree of M ≥ 3 is the same as that of the conventional Nyquist OTDM scheme. Moreover, the optimum reception by the correlation receiver has the potential to realize a higher spectral efficiency by improving the SNR of the received signal.
